The influence of fine particles on the flotation separation of minerals is becoming increasingly important as new, fine grained deposits are exploited. Fine particles float poorly and less selectively under normal flotation conditions, having detrimental effects on recovery of other minerals. The reasons of this interacting effect are complex, which may be entrainment, pH variation, dissolved ions from mineral surfaces, aggregation/dispersion and coating behavior of particles or even the competitive adsorption effect. In this study, the influence of fine magnesite and dolomite on the flotation of quartz was investigated. It was found that at pH=9.2~9.5 and with DDA dosage of 8.6×10
, the recovery of coarse (-100+65µm) quartz was reduced dramatically from 96.66% to 37.15% when the content of quartz was 5% in the flotation with fine (-5µm) magnesite, and when the content of fine dolomite was increased from 2.5% to 20%, the recovery of coarse quartz was reduced from 91.20% to 75.08%. To examine the reasons, zeta potential, zero point of charge and contact angles of magnesite, dolomite and quartz were measured in the absence and presence of dodecylamine (DDA). The interaction energies between particles were then calculated. Results showed that the aggregation behavior of mineral particles was likely to be the reason. Interaction energy calculated based on Extended-DLVO (Derjaguin-Landau-Verwey-Overbeek) theory predicted that in DDA surfactant solution, the interaction forces between magnesite and quartz, dolomite and quartz were attractive, between dolomite and magnesite was repulsive. The experimental results are in excellent agreement with the theoretically predicted results. The aggregation caused by interacting behavior explains the depressing effect of fine hydrophilic particles on magnesite reverse flotation. Keywords: flotation, Extended-DLVO, fine particles, interfacial interaction
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Introduction
Magnesite is the most important raw material utilized in the refractories industry for the manufacturing of basic refractories, having a high corrosion resistance in the presence of basic slags, dusts and fumes (Karaoglu et al., 2016) . The reserves of magnesite in China is 13 billion tons, taking the first place in the world. In the recent years, as the high grade magnesite were being used up, many research have been done to process the low grade ores. Froth flotation was used for magnesite mineral processing as early as in 1930s by Doerner and Dwigh (Chen and Tao, 2004) . Their work showed that it was quite easy to separate silicate minerals from magnesite in neutral pulps using alkyl sulfonate as collector and caustic soda as depressant. The surface properties of magnesite mineral, silicate, quartz and various iron minerals are known to be different. They can be readily separated by flotation. A. N. Santana and A. E. C. Peres (2001) have proposed cationic reverse magnesite flotation using a commercial mono ether amine as collector and corn starch as depressant. Anastassakis (1999) proposed an innovative method to separate magnesite fines from serpentine fines by magnetic carrier. Gence and Ozdag (1995) examined the adsorption mechanism of sodium oleate and amine in magnesite-serpentine flotation, and verified that RCOO − ion was chemically adsorbed on the surface of magnesite, and it was physically adsorbed on the surface of serpentine while NH 3+ ion was physically adsorbed on the surfaces of both minerals. Many Researchers have also attempted to apply biological methods to beneficiate magnesite (Botero et al., 2008; Karaoglu et al., 2016) .
However, the influence of fine particles on the flotation separation of minerals is becoming increasingly important as new, fine grained deposits are exploited. Fine particles float poorly and less selectively under normal flotation conditions, having detrimental effects on recovery of other minerals. During flotation process, selectivity problem arises between magnesite and associated gangue minerals. Ozkan (2002) have investigated the beneficiation of magnesite slimes with ultrasonic treatment in order to achieve flotation for -38µm magnesite wastes effectively, and found that the simultaneously ultrasonic treatment and pre-treatment for magnesite slime had positive effect on the recovery values compared to the results of conventional flotation. In the research done by authors, an interesting phenomenon has been found that fine mineral particles had interactive effects on each other that could depress another mineral. The interactive effect between minerals was reported several times by researchers in the perspective of carrier flotation, shear flocculation or oil agglomeration etc. Lange et al. (1997) have investigated the behavior of fine and coarse sphalerite in micro flotation and aggregation studies. This study utilizes On-line particle size distribution techniques for obtaining direct evidence of particle interactions within a conditioning pulp, and evidence of particle interactions has been observed using optical microscopy. It was found that fine particles exhibit poor flotation response, and in the presence of coarse particles at low pH, a high percentage of fine particles were recovered indicating a fine-coarse particle aggregation ("piggy-backing") mechanism occurring. Flocculation induced by hydrophobic interaction between fine mineral particles plays a predominant role in many techniques of fine particle separation, such as shear flocculation, emulsion flotation, carrier flotation, spherical agglomeration, etc. Duzyol (2011 and Ozkan (2014 have studied the role of wettability, hydrophobicity and surface tension on shear flocculation and oil agglomeration of magnesite and dolomite. The correlations of shear flocculation and oil agglomeration processes of magnesite and 3 dolomite with their wettability parameters were investigated. Their work contributed to the development of separation of minerals with flocculation and agglomeration techniques by determining the γ c (critical surface tension) values.
The surface hydrophobicity of magnesite and dolomite minerals was investigated by Nermin Gence (2006) in the absence and presence of sodium oleate. The surface properties of minerals play a major role in determining their separation from each other in processes such as flotation. The interactive effects between minerals may be explainable by surface tension and interacting energy calculation. Lu and Song (1991) investigated the flocculation behavior of fine mineral particles rendered hydrophobic by the surfactant and the mechanism of hydrophobic flocculation. The results showed that changes in wettability of mineral surface significantly affects the stability of fine particle suspensions. However, the hydrophobization of particle surface is often accompanied by a distinct flocculation which may by no means be interpreted by DLVO (Derjaguin-Landau-Verwey-Overbeek) theory. The potential energy of hydrophobic interaction between mineral particles rendered hydrophobic by surfactant far exceeds that resulting from double layer or van der Waals interactions. The extended-DLVO theory considering hydrophobic and hydrophilic interactions may be able to explain the fine particles interactions in flotation process.
In the abovementioned research the positive interactive effect between mineral particles was utilized. However, the negative depressing effect has also influences on the flotation process and strongly decreased the efficiency of minerals processing. In this study, the negative interactive effect between mineral particles and its mechanism has been discussed. The micro-flotation tests of single mineral and artificial mixtures were conducted and analyzed with the theoretical predictions by Extended-DLVO theory base on Van Oss's interaction energy calculation. Electrokinetic potential, zero point of charge and contact angles of pure magnesite, dolomite and quartz with and without surfactant Dodecylamine (DDA) were determined, in order to examine the particles interaction energy and its mechanisms in magnesite-dolomite-quartz cationic reverse flotation.
Experimental
Samples and reagents
The pure magnesite (MgCO 3 ), dolomite (CaMg(CO 3 ) 2 ) and quartz (SiO 2 ) ore samples were obtained from Haicheng of Liaoning Province, China. The high grade lump magnesite, dolomite and quartz crystal were carefully selected to avoid cracks and inclusions for the contact angle measurements. The ore samples were crushed, handpicked and then dry-ground with a porcelain ball mill and dry-sieved to obtain the size fractions −100+65 µm for the single mineral-flotation tests. The − 5 µm fraction of magnesite and dolomite was obtained by elutriation method and used for artificial mineral flotation tests and zeta-potential measurements. The elutriation method is a usual method used to measure the size of fine particles, which is based on the following equation.
( 1) In equation (1): d is the diamater of particles (m), h is the sedimentation distance (m), t is the sedimentation time (s), ρ s is the density of solid particle (kg/m 3 ). By knowing the density of each minerals (ρ s ) and setting a proper sedimentation height (h), the sedimentation time (t) for obtaining the particles smaller than -5µm is derived. To conduct the elutriation, 50g mineral was distributed into a 10L barrel and stirred to prepare the turbid liquid. Upon the agitation was ceased and the liquid surface was stable, the time counting started. After the required sedimentation time t, the liquid above height h was siphoned out, then the barrel was filled with water and the process was repeated until the siphoned liquid was not turbid anymore. The siphoned product was then dried after sedimentation. The -5µm samples of magnesite, dolomite and quartz were all obtained by this method.
The minerals were stored in a desiccator with nitrogen atmosphere. The results of chemical analysis of the samples are listed in Table 1 , which indicated that the purities of magnesite, dolomite and quartz were 98.66%, 98.98% and 99.78% respectively. Distilled water and analytical grade chemicals such as HCl, NaOH and Dodecylamine (DDA) were used in all experiments. Single mineral and artificial minerals flotation tests were carried out in a mechanical agitation flotation machine, the procedure is shown in Fig.1 . The impeller speed was fixed at 1800 r/min. The single mineral flotation test was prepared by adding 3.0 g of minerals to 30 mL of solutions. After adding the desired amount of reagents, the froth flotation was continued during which a concentrate was collected. The floated and unfloated particles were collected, filtered and dried. The flotation recovery was calculated based on solid weight distributions between the two products. The 30 mL mechanical agitation flotation machine was also used in artificial mineral mixture flotation, the size fraction of quartz was −100+65µm and magnesite (dolomite) was -5µm. For two minerals mixture, 3.0 g of magnesite (quartz) and proportional quartz (dolomite) were mixed, and for the three minerals mixture of magnesite, dolomite and quartz, 2.7g magnesite, 0.3g quartz and proportional dolomite were mixed for the flotation tests. Products were filtrated, dried and weighed for assessing the recovery by multi-elemental chemical analysis. The pH of the mineral suspension was adjusted to a desired value by adding NaOH or HCl stock solutions. There was a 2 min conditioning period after the reagent addition. The flotation was conducted for a total of 3 min. The errors of the recovery were found to be within 3.0% after at least three tests at each condition, and the average values are reported. In order to measure the zeta-potential of magnesite, dolomite and quartz experiments were carried out using the micro-electrophoresis method. Electrophoretic mobility of dolomite, magnesite and quartz particles were measured with a Nano-ZS90 Micro-Electrophoresis Apparatus. 1.5 g each of samples for magnesite, dolomite and quartz were conditioned in 100 mL of distilled water and in DDA acetic solution (8.6 10 -4 M) for 10 min, and the suspension was allowed to stand for another 15 min to let the larger particles settled. Fine particles in the removing suspension were used in the measurements. Twenty measurements were made for each data point and the averages of these measurements were used to calculate electrokinetic potentials. The pH of the suspensions was adjusted by HCl and NaOH. In order to assess the accuracy of zeta-potential measurements, the zeta-potential was measured for at least five independent suspensions. The average values were reported and the measurement errors were found to be 5 within 5 mV.
Contact angle measurements
Magnesite, dolomite and quartz samples of high purity were used in this study. The high grade lump magnesite, dolomite and quartz ore was cut into slices about 20 mm long, 10 mm wide and 3 mm thick, and they were first embedded using epoxy resin. The embedded specimens were polished using 60, 240, 500 and 1000 grit silicon carbide papers sequentially. The initial polishing was done by using 0.05 µm aluminum oxide powder. When passing from one polishing material to the next finer grade, the polished surfaces of the sample was washed with distilled water, to remove any traces of the polishing powder, in all cases. The sessile drop technique was used for contact angle measurements with a JC2000A Contact Angle Goniometer, and accuracy of contact angle is ±1°). The sample disc treated with DDA acetic solution(8.6 10 -4 M) and dried in vacuum was placed in a rectangular glass chamber and a liquid drop was introduced onto the substrate through a micro syringe. Liquid drops were first deposited gently onto the substrates with approximately 4 mm drop base diameter. The needle connected to the syringe was then partly immersed under the drops for liquid withdrawal. The deflation was achieved when the drop base shrank about 1 mm, then we removed the needle completely to obtain a complete drop shape profile. The captured images was processed and measured to obtain the receding contact angles. The procedure of receding contact angle measurement is illustrated in Fig. 2 . The measurements were repeated six times for each condition, and the average value was reported. All measurements were carried out at 25 ± 2 °C. 
Microflotation test
The objective of this study was to investigate the interaction of fine magnesite/dolomite and quartz particles in the flotation process. The single mineral floatability of magnesite, dolomite and quartz with surfactant DDA acetic, and the influence of pH on their flotation were investigated at first.
The single mineral flotation recovery of magnesite, dolomite and quartz with different DDA acetic dosage are shown in Fig. 3 . It can be seen from the figure that the recovery of quartz could reach 96.66% and dolomite reached 49% with DDA concentration of 8.6×10
−4 M, but magnesite hardly float under this condition. Fig. 4 shows the flotation recovery of magnesite, dolomite and quartz as a function of pH with surfactant DDA acetic concentration of 8.6×10
−4 M. It can be seen that floatability of magnesite, dolomite and quartz had small variation within a wide pH range.
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To avoid competitive adsorption, an adequate dosage of DDA 8.6×10
−4 M was used for the artificial mixture flotation. Fig. 5 shows the flotation recovery of magnesite and quartz in the artificial mixture. It can be seen that the recovery of quartz was reduced dramatically (from 96.66% to 37.15%) when its content was 5%, and as its content increased, the recovery gradually increased. On the other hand, the recovery of magnesite increased with the quartz content increasing. In the presence of fine magnesite particles, a high percentage of coarse quartz particles were not able to be recovered indicating an apparently depressing effect of fine magnesite on quartz.
In the flotation of artificial mixture of fine dolomite and coarse quartz, similar results was presented in Fig. 6 . It can be seen that the recovery of quartz reduced with the dolomite content increasing. When the content of fine dolomite increased from 2.5% to 20%, the recovery of coarse quartz reduced from 91.20% to 75.08%. On the other hand, the recovery of dolomite increased with the quartz content increasing. Fig. 7 shows the flotation recovery of fine magnesite, fine dolomite and coarse quartz in flotation. It can be seen that the recovery of quartz reduced with the dolomite content increasing, but the recovery of magnesite stayed nearly unchanged. The results told that the particle interaction occurred between dolomite and quartz, but not between dolomite and magnesite. It can be concluded from the results above that the recovery of minerals can be influenced in the presence of other fine mineral particles in some condition. However the mechanism could be very complex because it is usually a combination of many causes, which includes the pH vibration, dissolved ions from mineral surface as well as entrainment effect (Cilek, 2009; Hubbard, 2004; Savassi et al., 1998; Smith and Warren, 1989) . However, in this case it can be seen that the floatability of these minerals was insensitive to pH vibration, besides the recovery of quartz was unusually decreased. The results indicated that fine and coarse particles with different surface properties may interact and thus influenced their individual float behavior. In order to validate this assumption, we calculated the interaction force between magnesite, dolomite and quartz particles based on extended-DLVO theory to evaluate their aggregation/dispersion possiblity. Zeta potential and contact angles are measured to get the parameters for calculation.
Zeta-potential analysis
The zeta potential of magnesite, dolomite and quartz in the absence and presence of DDA is given in Fig. 8 and Fig. 9 . Magnesite has zero point of charge (z. p. c) at pH 6.7, dolomite has zero point of charge (z. p. c) at pH 6.0, and quartz has zero point of charge (z. p. c) at pH 2.0. Above the mineral's z. p. c. magnesite, dolomite and quartz surfaces exhibit negative charge and positively charged DDA ions adsorbed on surfaces and due to diminishing of OH -(potential determining) ions, z. p. c. of magnesite, dolomite and quartz were shifted to more alkaline pH value. Above the z. p. c. , magnesite, dolomite and quartz have negative charge and DDA ions can be adsorbed on minerals surfaces physically by electro-static force and resulting in the increase of positive surface charge of mineral. In practice, the conditions under which contact angles are measured are far from ideal to meet the requirements of the Young's equation, which needs the solid surfaces to be chemically homogenous, smooth, flat, non-porous, insoluble, non-deformable and non-reactive quality (Al-Yaseri et al., 2016; LAM et al., 2002; Lam et al., 2001; Lin and Lin, 2003; Shedid and Ghannam, 2004; Tavana et al., 2004) . The observed contact angles when the liquid is advancing over a dry surface or receding from a wet surface are taken as the advancing contact angle and receding contact angle, respectively. The differences between these two types of contact angle are noticeable on all rough or dirty surfaces which is referred to as contact angle hysteresis (Li et al., 2015) . The receding contact angles are often preferred for flotation systems due to its better commitment with flotation response verified in several studies (Alghunaim et al., 2016; Gence, 2006; Kim et al., 2000; Kwok and Neumann, 1999; Lin et al., 2016; Yehia and Al-Wakeel, 2000) .
The measured receding contact angle values at the magnesite, dolomite and quartz surfaces in distilled water and glycerin in the absence and presence of surfactant DDA are given in Tab. 2. The contact angle measurements showed that the magnesite, dolomite and quartz minerals have no natural floatability by giving a small contact angle in distilled water. It can be observed from Tab. 1, which surfactant DDA caused an obvious increase in the contact angle at the quartz and dolomite surface, but hardly any increase at the magnesite surface. It can be concluded from the results that the hydrophobicity of quartz surface was improved significantly after treatment with DDA. On the other hand, the hydrophobicity of dolomite was improved slightly in the presence of DDA, and hardly any improvement on magnesite. Van Oss et al.(van Oss and Good, 1989; van Oss, 1990; Van Oss et al., 1988 , the contact angle is related with the polar (Lewis acid-base, AB) and apolar (Lifshitz-van der Waals, LW) components of surface energy of solids as well as solid-liquid interfacial energy. They have derived an equation (2) Because most oxidized minerals have mono-polar surface for which, γ S +-≈0, equation (1) can be simplified as (3) Thus, by contact angle (θ) measurements with only two different liquids (both must be polar) with 
(2) twice, the values γ S LW and γ S -of magnesite, dolomite and quartz can be determined.
Hamaker constant can be determined by γ S LW with the following equation (Bergström, 1997) 
Tab. 3 shows the known values of the surface energy components of water and glycerin, and the Hamaer constants and values for the components of surface energy of magnesite, dolomite and quartz are calculated on the basis of Eq. (3) and (4) and presented in Tab. 4. 
Calculation of the interaction energy
The classical DLVO theory is a quantitative theory of the stability to aggregation or dispersions of charged colloidal particles, which was developed and published independently by Derjaguin and Landau in Russia in 1941, and by Verwey and Overbeek in the Netherlands in 1948 (Vincent, 2012) .
The classical DLVO theory only considering the electrostatic and van der Waals interaction fails when the surfaces are very hydrophilic or very hydrophobic, for which the contact angle of water is less than 15° (hydration forces) or greater than 64° (hydrophobic forces) (Derjaguin and Churaev, 1989) . But the hydrophobic aggregation of particles can be well explained in the extended DLVO theory concerning polar interfacial interaction (Hoek and Agarwal, 2006; Hu and Dai, 2003; Ninham, 1999; Ojaniemi et al., 2012; Yoon and Mao, 1996) .
In extended DLVO theory, the total interaction energy includes the following components:
(1) Van der Waals interaction, V W (2) Electrical (Coulombic) interactions under constant potential, V E (3) Hydrophobic or hydration interaction, V H
The magnitude of the above interaction energies is calculated according to the following expressions.
1) Van der Waals interaction, V A (Schenkel and Kitchener, 1960; Verwey and Overbeek, 1955) 
Where,
for 0.5<P 0 <
Based on equations (7) ~ (10), the Van der Waals interaction energies between magnesite, dolomite and quartz particles are calculated and illustrated in Fig. 10 . Fig. 10 Van der Waals interaction energy between mineral particles 2) Electrical (Coulombic) interactions under constant potential, V E (Hogg et al., 1966; Pugh and Kitchener, 1971) 
Where (12) (13)
Based on equations (11) ~ (14), the electrical interaction energies are calculated. Fig. 11 and Fig. 12 illustrate the electrical interaction energy between magnesite, dolomite and quartz particles in the absence and presence of DDA (8.6×10
−4 M) at pH 9.5. 3) Polar interfacial interaction (Claesson et al., 1986; Israelachvili and Pashley, 1982) 
To calculate V H at a distance H the 'decay length' h 0 has to be known, but its value is still in argument and varies from 0.2 nm (for non-hydrogen bonded water molecules) (Chan et al., 1979) to as high as 13 nm (Christenson and Claesson, 1988) . However, a reasonable value for h 0 seems to be about 1 nm (Van Oss, 2006) . H 0 is the minimum equilibrium contact distance between particles, H 0 = 0.163nm according to Van Oss(van Oss, 1990) . The acid-base free energy per unit area between the surfaces can be calculated by the following equation: (16) Based on equations (15) and (16) together with the surface energy parameters in Tab. 4, the polar interfacial interaction energies are calculated. Fig. 13 and Fig. 14 illustrate the polar interfacial interaction energy between magnesite, dolomite and quartz particles in the absence and presence of DDA (8.6×10
−4 M) at pH 9.5. It can be seen that the strength and distribution of V W , V E and V H interactions are different from each other, which results in a complex profile of total E-DLVO interaction energy. (5) ~ (16), the total interaction energies are calculated. Fig. 15 illustrates the interaction energy between magnesite, dolomite and quartz particles at pH 9.5. DLVO energy profiles indicated that the interaction energy at pH 9.5 in absence and presence of DDA will be almost same. It cannot explain the different interaction behavior in flotation shown in Fig. 5~7 . The E-DLVO forces profiles, however, exhibit an evident repulsion between magnesite-quartz and dolomite-quartz particles in absence of DDA and a strong attraction in presence of 8.6 10 -4 M DDA at pH 9.5 as shown in Fig. 15 (a) and (b), which indicated that hydrophobic aggregation takes place between magnesite and quartz particles, and dolomite and quartz particles adsorbing DDA. These results provide the evidence that E-DLVO theory can explain the interaction behavior between magnesite and quartz, and dolomite and quartz particles in flotation. Similar results have been frequently reported by previous studies, which verified the validity of E-DLVO theory (Tian et al., 2013; Wang et al., 2013; Zhao et al., 2016) . In collector DDA solution, the strong hydrophobic attractive forces (polar interfacial interaction) between magnesite and quartz, dolomite and quartz particles make them tend to aggregate in the pulp, and thus reduced the recovery of quartz. On the other hand, It can be seen in Fig. 15 (c) that the interaction energy between magnesite and dolomite particles are repulsive, which agrees with the experiment results shown in Fig. 7 that magnesite and dolomite had hardly any interaction in flotation. The SEM analysis of the float products of shown in Fig. 16 demonstrating the serious coating of fine magnesite and dolomite particles on quartz surface, which further proved that fine-coarse particle aggregation existed in the flotation, and the prediction done by interaction energy calculation was correct. From the results of flotation test, theoretical calculation and SEM analysis, it is proved that the fine hydrophilic magesite and dolomite particles can depress the float of quartz by aggregating on its surface so to reduce its hydrophobicity and prevent quartz from being collected by air bubble. 
Conclusion
From the abovementioned, proof for the depressing effect of fine hydrophilic particle on hydrophobic minerals together with the insight for its mechanisms have been provided. Some important original data including zeta-potential, contact angle and surface tension of magnesite, dolomite and quartz were provided in the presence and absence of DDA in this study, which can be referred by further research. The experiment results showed that at pH=9.2~9.5, with DDA dosage of 8.6×10 −4 , fine (-5µm) hydrophilic magnesite and dolomite particles depressed the flotation of coarse (-100+65µm) quartz particles. The recovery of quartz was reduced dramatically from 96.66% to 37.15% when the content of quartz was 5% in the flotation with fine magnesite. And when the content of fine dolomite was increased from 2.5% to 20%, the recovery of coarse quartz was reduced from 91.20% to 75.08%. The discovered phenomenon is novel in magnesite flotation that fine magesite and dolomite particles can depress the float of quartz and thus influence the reverse flotation separation of magnesite. In the past, the influence of particles size (Bravo et al., 2005) and particles interaction on flotation was related in many ways including particles aggregation, flocculation, entrainment and "piggy-backing" etc. (Liu et al., 2015; Ng et al., 2015; Wang et al., 2015) , but clearly depressing effect from one mineral to another was rarely mentioned, yet significant for the flotation as demonstrated above. It can be implied that the coating of fine hydrophilic particles on the surface of hydrophobic minerals can prevent it from being collecting by air bubble and leads to an apparently depressing effect. In addition to the traditional recognition that the recovery of minerals are determined by adsorption of collectors on minerals, the interacting effect between mineral particles should be paid attention. The depressing effect by fine hydrophilic mineral particles suggests effective dispersing methods to be invented to diminish the coating for more effective flotation in future research. It is interesting to note that the interfacial interaction energy determining the aggregating behavior was theoretically calculated and analyzed, having good agreements with the experimental results. Considering the components of interaction energy, some clues to dispersing measurements can be derived, including modification of surface potential, wettability and surface tension by controlling pH or adding dispersants, however the measure should be investigated case by case.
